ABSTRACT
INTRODUCTION
The FLAG marker consists of the eight-amino acid sequence AspTyrLysAspAspAspAspLys. The marker was designed for maximum hydrophilicity, and the last five amino acids (AspAspAspAspLys) are the target sequence of the protease enterokinase (6) . Following fusion of the FLAG coding sequence to the coding sequence of the experimental gene of interest and expression of the recombinant protein, the FLAG fusion protein can be detected with anti-FLAG monoclonal antibody (MAb). The anti-FLAG M1 and anti-FLAG M2 MAbs have been employed in a variety of applications including Western blotting, immunoprecipitation, immunoaffinity purification and immunohistochemistry (3, 5, 6, (9) (10) (11) (12) (13) .
The binding of the anti-FLAG M1 MAb to the FLAG epitope is calcium-dependent, and its binding requires that the N-terminal aspartate residue be at the very N terminus of the fusion protein (12) . In contrast, the binding of the anti-FLAG M2 MAb is not calcium-dependent, and the FLAG peptide can be preceded by additional amino acids (3) . A third anti-FLAG MAb, anti-FLAG M5, was raised against the sequence N-MetAspTyrLysAsp 4 Lys-C, and its binding does not require calcium (unpublished observations).
FLAG fusion proteins have been expressed in a variety of cell types including Escherichia coli (3, 6, 10) , Saccharomyces cerevisiae (9, 12) , Drosophila (16) and mammalian cells (5, 11, 13) . We have previously described the expression and immunaffinity purification of FLAG epitope-tagged bacterial alkaline phosphatase in E. coli (3) . In some cases, expression of FLAG epitope-tagged proteins in mammalian cells may result in more appropriate posttranslational modifications and provide for the study of biologically active proteins. Here we describe two mammalian FLAG expression vectors, pCMVFLAG-1 and pCMVFLAG-2, designed for secretion and intracellular expression of FLAG fusion proteins, respectively. These vectors are derived from the versatile pCMV5 expression vector (1), using the human cytomegalovirus (CMV) promoter (15) for heterologous expression. Following the CMV promoter, the pCMVFLAG-2 vector contains the FLAG sequence preceded by a translational initiation signal; the pCMVFLAG-1 vector contains the FLAG sequence preceded by a translational initiation signal and the mouse preprotrypsin leader sequence. We describe the use of these vectors for transient expression and immunoaffinity purification of FLAG epitope-tagged bacterial alkaline phosphatase in mammalian cells.
MATERIALS AND METHODS

Construction of Expression Vectors
The mammalian expression vector, pCMV5 (1), was obtained from Dr. Mark Stinski (University of Iowa). To generate pCMVFLAG-1 (Figure 1 ), a sequence including the translational initiation signal, preprotrypsinogen leader (14) , and FLAG coding sequence were amplified by polymerase chain reaction (PCR) from the vector pCMF15 (unpublished) using an upstream primer with a flanking Eco RI site 5 ′ -GGGAATTCACCATGTCTGCACTTCTGATCCTAG-3 ′ and a downstream primer with a flanking Hin dIII site 5 ′ -GGGAAGCTTGTCGTCATCGTCTTTGTAGTC-3 ′ . PCR was performed using a GeneAmp ® kit (Perkin-Elmer, Norwalk, CT, USA) according to the manufacturer's instructions. The PCR product was double-digested with Eco RI and Hin dIII and cloned into Eco RI/ Hin dIII double-digested pCMV5. The Eco RI site of the resultant plasmid was subsequently destroyed by digestion with Eco RI, Klenow fill-in and religation. The nucleotide sequence of the insert was confirmed by DNA sequencing.
To generate pCMVFLAG-2 ( Figure 1 ), a pair of complementary oligonucleotides with upstream Bgl II and downstream Hin dIII sites (5 ′ -GAAAGATCTACCATGGAC -TACAAAGACGATGACGACAAGCTTGAAG-3 ′and 5 ′ -CTTCAAGCTTGTC GTCATCGTCTTTGTAGTCCATGG-T AGATCTTTC-3 ′ ) were synthesized. The purified oligonucleotides were annealed, digested with Bgl II and Hin dIII and cloned into Bgl II/ Hin dIII double-digested pCMV5. The nucleotide sequence of the insert was confirmed by DNA sequencing.
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Cloning of Bacterial Alkaline Phosphatase
A modified version of the E. coli phoAgene (7) from which the leader sequence and N-terminal 4 amino acids of the mature enzyme were deleted was subcloned into each of the vectors. The modified sequence was excised from the plasmid pFLAG-ATS-BAP (Scientific Imaging Systems, Eastman Kodak, New Haven, CT, USA) by double-digestion with Hin dIII and Bgl II. The Hin dIII/ Bgl II fragment was then cloned separately into Hin dIII/ BamHI double-digested pCMVFLAG-1 and pCMVFLAG-2 to generate pCMVFLAG-1-BAP and pCMVFLAG-2-BAP, respectively. The nucleotide sequence of the FLAG/BAP junction of both constructs was confirmed by DNA sequencing.
Transfection of Mammalian Cells
The COS-1 mammalian cell line was obtained from ATCC (Rockville, MD, USA). Cells were maintained in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum, 2 mM glutamine and 50 µ g/mL gentamicin (Life Technologies, Gaithersburg, MD, USA). Transfection of vector DNA into cells grown in 9-cm 2 culture dishes (Life Technologies) using DEAE-dextran and chloroquine (Sigma Chemical, St. Louis, MO, USA) was performed as described by Kriegler (8) .
Immunostaining and Light Microscopy
At 48 to 72 h post-transfection, the cells were washed with 5 mL of 0.15 M NaCl, 0.05 M Tris-HCl, pH 7.5, containing 1 mM CaCl 2 (TBS/Ca). The cells were fixed by addition of 2 mL of 1:1 mixture of acetone and methanol for 1 min. The fixed cells were then washed four times with 2.5 mL of TBS/Ca and incubated with 1.5 mL of 10 µ g/mL anti-FLAG MAb in TBS/Ca for 1 h. Cells were washed with TBS/Ca and incubated with 2.7 µ g/mL goat anti-mouse horseradish peroxidase conjugate (KPL, Gaithersburg, MD, USA) for 1 h. The cells were rinsed with TBS/Ca and stained by addition of 2 mL of a freshly prepared solution of TBS containing hydrogen peroxide and o -dianisidine (500 µ L of a saturated solution of o -dianisidine [Sigma Chemical] in ethanol, 5.0 µ L of 30% hydrogen peroxide and 50 mL of TBS). Cells were stained for approximately 10 min. The stained cells were washed with deionized water and counterstained with hematoxylin (Sigma Chemical) for 1 min. The cells were then washed with deionized water and air-dried. The stained cells were preserved by addition of Crystal Mount ™ (Biomeda, Foster City, CA, USA) according to the manufacturer's instructions.
Immunoaffinity Chromatography of Secreted BAP
COS-1 cells were grown as described above to approximately 75% confluence in a 75-cm 2 flask (Corning Costar, Cambridge, MA, USA). The cells were transfected with 8 µ g of pCMVFLAG-1-BAP vector DNA as described above. At 24 h post-transfection, the culture medium (15 mL) was removed and stored at -20°C. Fresh culture medium supplemented with 1 µ g/mL aprotinin and 10 µ g/mL leupeptin (both from Sigma Chemical), and 1 mM EDTA was then added, and incubation at 37°C was continued for another 24 h. The culture medium was then recovered and fresh medium containing protease inhibitors was added. At 72 h the culture medium was recovered and pooled with the other two samples.
The pooled culture medium was dialyzed against 1 L of TBS containing 10 mM CaCl 2 for 48 h at 4°C with one change of buffer. The dialyzed culture medium was applied to an anti-FLAG M1 affinity column (2 mL bed volume), the column was washed with TBS/Ca and eluted by addition of six 1-mL aliquots of 0.1 M glycine-HCL, pH 3.5. The eluted fractions were immediately neutralized by the addition of 20 µ L of 1 M Tris base. A 0.1-mL aliquot of each fraction was analyzed for alkaline phosphatase activity by the addition of 0.8 mL of 1 M Tris-HCL, pH 8.0 and 0.1 mL of 0.4% p -nitrophenyl phosphate (Sigma Chemical), followed by incubation at 37°C overnight. The absorbance of the samples at 420 nm was then determined.
Preparation of Cell Extracts and Western Blotting
COS-1 cells were transfected as described above and adherent cells were recovered by scraping. The cell samples were washed by centrifugation and lysed in distilled water. An equal volume of 2 × sodium dodecyl sulfate (SDS) sample buffer was added, and the samples were denatured by boiling. Denatured samples were applied to a precast 8%-16% SDSpolyacrylamide gradient gel (Novex, San Diego, CA, USA), subjected to electrophoresis and transferred to nitrocellulose membrane (Schleicher & Schuell, Keene, NH, USA) using the Xcell ™ Mini-Cell according to the manufacturer's instructions (Novex). Immobilized FLAG-fusion proteins were detected with anti-FLAG M2 MAb (Scientific Imaging Systems) and goat anti-mouse horseradish peroxidase conjugate (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) according to the manufacturer's instructions.
Lyophilized column fractions of secreted FLAG-BAP protein were subjected to SDS polyacrylamide gel electrophoresis and transferred to nitrocellulose membrane as described above. Immobilized FLAG-fusion proteins were detected with biotinylated anti-FLAG M2 MAb (Scientific Imaging Systems) and streptavidin horseradish peroxidase conjugate (Scripps, San Diego, CA, USA) according to the manufacturer's instructions.
The horseradish peroxidase conjugates were visualized by chemiluminescence using the Kodak BioMax chemiluminescent detection matrix and Kodak X-OMAT AR film (Scientific Imaging Systems) according to the manufacturer's instructions.
RESULTS
The pCMVFLAG-1 and pCMVFLAG-2 expression vectors were designed for secretion and cytoplasmic expression of FLAG fusion proteins in mammalian cells. To test these vectors, a modified version of the E. coli phoAgene was subcloned into both pCMVFLAG-1 and pCMVFLAG-2, to generate pCMVFLAG-1-BAP and pCMVFLAG-2-BAP, respectively (see Materials and Methods).
Expression of Bacterial Alkaline Phosphatase in Mammalian Cells
pCMVFLAG-1-BAP and pCMVFLAG-2-BAP were separately transfected into COS-1 cells grown in 9-cm 2 dishes as described in Materials and Methods. At 48 h post-transfection, the cells were analyzed by immunostaining and Western blotting using anti-FLAG MAbs.
Light microscopy of cells immunostained with anti-FLAG M1 and M5 MAbs is shown in Figure 2 cell staining observed with the anti-FLAG M1 MAb in cells transfected with pCMVFLAG-1-BAP suggests that the preprotrypsinogen signal sequence is processed because the anti-FLAG M1 MAb requires the first aspartate of the FLAG sequence to be at the very N terminus of the fusion protein.
More intense staining of cells transfected with the pCMVFLAG-2-BAP construct was observed using the anti-FLAG M5 MAb than with the anti-FLAG M2 MAb (data not shown). This may be due to the fact that the anti-FLAG M5 MAb was raised against the sequence N-MetAspTyrLysAsp4Lys-C (unpublished). In addition, transfected cells were analyzed by Western blotting ( Figure 3A ) with anti-FLAG M2 MAb. A single band was detected in extracts of cells transfected with pCMV-FLAG-1-BAP and pCMVFLAG-2-BAP, and no reaction was observed in an extract prepared from mock-transfected cells. The apparent molecular weight of the FLAG-BAP fusion protein in cells transfected with the pCMVFLAG-1-BAP construct is greater than that of the protein in pCMVFLAG-2-BAP-transfected cells. This may be the result of glycosylation since there are two potential sites (N-X-S) for N-linked glycosylation within the coding sequence of BAP. Further experiments are necessary to test this hypothesis.
Immunoaffinity Purification of Secreted FLAG-BAP
Culture medium from COS-1 cells transfected with the pCMVFLAG-1-BAP construct was collected and applied to an anti-FLAG M1 affinity column as described in Materials and Methods. Fractions were eluted and analyzed for alkaline phosphatase activity as described in Materials and Methods. Alkaline phosphatase enzymatic activity was observed in two-column fractions (data not shown). To demonstrate copurification of the FLAG-tagged enzyme and the observed activity, these two-column fractions were analyzed by Western blot ( Figure 3B ) using biotinylated anti-FLAG M2 MAb. A diffuse band migrating near the expected molecular weight of the bacterial alkaline phosphatase monomer was detected. These results demonstrate that the preprotrypsinogen signal sequence is capable of directing the secretion of FLAG-bacterial alkaline phosphatase in mammalian cells.
DISCUSSION
The FLAG peptide has been successfully employed as an epitope tag in mammalian cells by a number of authors (for example, References 5,11,13) Furthermore, the basic vector backbone used in these studies, pCMV5, has previously been used for transient expression of FLAG-tagged proteins in mammalian cells (5, 13) and for many other proteins as well (2) . The CMV promoter in this vector has been shown to be a productive promoter in a variety of cell types (15) . We have created two modified versions of the pCMV5 vector by insertion of the FLAG peptide coding sequence preceded by a translational initiation signal and by the preprotrypsinogen signal sequence upstream of the multiple coding region. This resulted in the loss of a number of the unique restriction enzyme cleavage sites within the pCMV5 multiple cloning region. We are in the process of adding additional restriction enzyme sites to the multiple cloning regions of both the pCMVFLAG-1 and pCMVFLAG-2 vectors.
We have demonstrated that both the pCMVFLAG-1 and pCMVFLAG-2 vectors are capable of directing the expression of thephoAgene in mammalian cells. Moreover, the pCMVFLAG-1 vector directs the secretion of bacterial alkaline phosphatase into the culture medium. Secretion of the human placental alkaline phosphatase enzyme has been reported by deletion of the membrane-spanning region of the protein (4). This construct has been used as a reporter gene in mammalian systems. The pCMVFLAG-1-BAP construct described in this report may prove to be useful as a positive control expression plasmid in mammalian cells and, with some modification, could be used as an exogenous reporter gene.
The anti-FLAG MAbs show little cross-reactivity with COS-1 cells. Furthermore, the requirement of the anti-FLAG M1 MAb for a free amino group at the N terminus of the FLAG fusion protein makes this antibody a potentially useful tool for monitoring the cleavage of secretion signal sequences. The anti-FLAG M5 MAb exhibits a higher affinity for N-terminal FLAG fusion proteins in which the FLAG epitope is preceded by a methionine. The anti-FLAG M5 MAb is, therefore, the preferred anti-FLAG antibody for detection of cytoplasmically expressed FLAG fusion proteins. The anti-FLAG M2 MAb will bind to both of these types of amino-terminal FLAG fusion proteins and, as a result, is more generally applicable. In summary, the mammalian FLAG expression vectors and anti-FLAG MAbs described here represent potentially useful reagents for expression, detection and purification of heterologous gene products expressed in mammalian cells.
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Note added in proof. We have expanded the multiple cloning regions of both the pCMVFLAG-1 and pCMVFLAG-2 vectors. The new vectors are designated pFLAG-CMV-1 and pFLAG-CMV-2, respectively.
